This study was aimed at developing a direct PCR assay without template DNA extraction for the rapid and sensitive diagnosis of infectious keratitis. Eighty corneal scrapings from 67 consecutive patients with clinically suspected infectious keratitis were analysed prospectively. Direct PCR was performed with all scrapings, with specific primers for fungi, bacteria, herpes simplex virus-1 (HSV-1) and Acanthamoeba simultaneously.
detection. These assays are better than normal PCR, because of higher sensitivity, greater rapidity, or more convenience; however, template DNA extraction is required before all of the above assays. The DNA extraction procedure is not only time-consuming, but is also restricted by the limited specimens obtained from pathogenic corneas. Moreover, some of the template DNA is lost during extraction. Therefore, a direct PCR assay using a special polymerase was developed that can detect pathogens in corneal specimens without template DNA extraction.
Materials and Methods

Patient selection
Sixty-seven patients with suspected infectious keratitis were evaluated in Shandong Eye Institute between May and December 2012. Patient inclusion criteria were as follows: the presence of a corneal ulcer with an overlying epithelial defect of >1 mm at its greatest width, combined with obvious stroma infiltration but without corneal perforation; and the ability to provide appropriate consent. Patients with a history of corneal trauma or use of topical glucocorticoids, which are the main risk factors for FK, combined with the clinical features of FK were at high suspicion of having FK [19] . The primary diagnosis of herpes simplex keratitis (HSK) was made according to a history of recurrent episodes of HSK combined with the typical clinical features of HSK [20] . According to the clinical features, 34 patients were at high suspicion of having FK, five were at high suspicion of having HSK, 21 were only primarily diagnosed with corneal ulcer with an unidentified pathogen, and seven were diagnosed with graft ulcer after keratoplasty. Corneal scrapings were taken from the patients, and a total of 80 samples were collected, including 13 repeated scrapings from nine patients. This study was approved by the Institutional Review Board/ Ethics Committee from the Committee of Medical Ethics and Human Experiments of Shandong Eye Institute, and followed the tenets of the Declaration of Helsinki.
Clinical specimens
A standard scraping procedure for corneal debridement was performed for patients with clinically suspected infectious keratitis, as described previously [4] . Under topical anaesthesia and microscope magnification, corneal scrapings were taken from the base and edge of the ulcer with a sterile surgical blade (stabknife, 15°straight; Sharpoint, Philadelphia, PA, USA). During the first corneal debridement, two scrapings were directly inoculated onto blood agar or Sabouraud's agar for bacterial and fungal culture at 37°C and 28°C, respectively; another two scrapings were smeared directly onto two separate glass microscope slides for Gram staining and potassium hydroxide wet mounting; and then, a final scraping was performed, and the specimen was directly placed into a sterile microcentrifuge tube and immediately transported to the microbiological laboratory, where it was stored at 4°C for direct PCR. If there was a suspicion of typical HSK at the initial visit, the scrapings were used only for direct PCR, and immunoblotting for herpes simplex virus detection was also performed; if Acanthamoeba keratitis (AK) was suspected, Acanthamoeba culture on non-nutrient agar plates was included. Confocal microscopy was also used to assist the diagnosis in most patients.
Direct PCR assay
Direct PCR was performed with MightyAmp DNA Polymerase Ver. 2 (TaKaRa, Dalian, China). Fungal primers (ITS1 and ITS4) targeted the 5.8S rRNA gene; bacterial primers (27F and 518R) targeted the 16S rRNA fragments; herpes simplex virus-1 (HSV-1) primers (HS1 and HS2) targeted the conserved US4 region of envelope glycoprotein G; and Acanthamoeba primers (AC1 and AC2) targeted the conserved 29 region of 18S rRNA (Table S1 ). Each PCR was performed in a 25-lL reaction volume that contained 12.5 lL of 2 9 MightyAmp Buffer Ver. 2, 0.5 lL of MightyAmp DNA Polymerase (1.25 U/ lL) (TaKaRa), 2 lL of forward and reverse primer mixture (5 lM), and 1-10 lL of template. Touchdown PCR was used for amplification, which consisted of an initial denaturation step at 98°C for 5 min, followed by ten cycles of denaturation at 98°C for 30 s, annealing at 65-60°C for 30 s (decreasing by 0.5°C after each cycle), and extension at 72°C for 30 s, and then another 25 cycles of 98°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and then a final extension at 72°C for 10 min. The PCR products of each pathogen were inserted into the plasmid pMD-18T (TaKaRa) as positive nucleotides after sequencing and confirmation by BLASTN analysis. The detection limit of the direct PCR was tested with 0, 10 0 , 10 1 , 10 2 , 10 3 and 10 4 copies of Candida albicans (ATCC 90029), Pseudomonas aeruginosa (ATCC 27853), HSV-1 (McKrea strain), and Acanthamoeba (isolated in our institute).
Direct PCR assay of clinical specimens
The clinical specimens were subjected to direct PCR for simultaneous detection of fungi, bacteria, HSV-1, and Acanthamoeba. First, 20 lL of sterile water was added to the microcentrifuge tube to suspend the specimens, and the specimens were mixed to homogeneity by pipetting up and down. Then, 4 lL was taken out as the template in a direct PCR reaction. Positive controls with plasmids containing positive nucleotides and negative controls without any template were consistently performed. Statistical comparison of direct PCR, culture, smear and confocal microscopy for fungal detection was performed with the chi-square test with SPSS 13.0 software (SPSS, Chicago, IL, USA). The performance indices of culture and direct PCR tests for infectious keratitis diagnosis, including their sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV), were calculated after discrepant analysis. Differences in any performance index between direct PCR and culture were analysed with Fisher's exact test. A p-value of <0.05 was considered to be statistically significant.
Results
Specific fragments amplified by direct PCR with low detection limits
A touchdown PCR program was determined to simultaneously amplify specific fragments from fungi, bacteria, HSV-1, and Acanthamoeba, after several reaction conditions were groped. The sizes of fragments amplified from C. albicans, P. aeruginosa, HSV-1 and Acanthamoeba were 536 bp, 521 bp, 346 bp, and 304 bp, respectively, and their sequences were confirmed to show homology of ≥99% with the corresponding microbial DNA sequences in GenBank by BLASTN analysis. Amplification could be detected in PCR reaction tubes containing ten or more copies of each microorganism on the basis of an electrophoresis assay ( Fig. 1 ).
Detection of pathogens in corneal scrapings
After the direct PCR assay was established, it was used to analyse 80 corneal scrapings (67 patients) for direct detection of fungi, bacteria, HSV-1 and Acanthamoeba in each of these samples. The microorganism-specific DNA detection results obtained with direct PCR are shown in Table 1 . Both fungus-specific and HSV-1-specific DNAs were amplified from one corneal specimen, indicating that the cornea was co-infected with fungi and virus. The other five samples of corneal ulcer showed negative results, and the total positive detection rate was 76.2% (16/21). Among seven corneal specimens from patients diagnosed as having corneal graft ulcer, fungus-specific DNA was detected in three samples, and bacterium-specific DNA was detected in one sample; non-microbial DNA was detected in the other three samples, and the positive detection rate was 71.4%.
Among the 14 cases of negative results with direct PCR, 12 cases also showed negative results with culture, smear, or confocal microscopy; however, one case with corneal ulcer showed a positive result for bacteria with culture, and two cases with FK showed positive results for fungi with smear. The eye condition in all patients with HSK, bacterial keratitis (BK), or AK, which was proved by direct PCR, improved when the corresponding antimicrobial drugs were given (HSK-both acyclovir eye drops and ganciclovir eye ointment were applied for topical treatment, and acyclovir tablet or injection was applied for systemic treatment; BK-levofloxacin or gatifloxacin eye drops and ofloxacin or gatifloxacin eye ointment, combined with tobramycin, were applied for topical treatment before the report of drug susceptibility; once the report had been issued, the antibiotic drug was administered according to the report; AK-eye drops containing metronidazole combined with chlorhexidine or polyhexamethyl metformin were applied for topical treatment, and metronidazole injection was applied for systemic treatment when needed). However, although the eye condition in most of the patients with FK, which was proved by direct PCR, improved when antifungal drugs (topical treatment-natamycin and fluconazole eye drops; systemic treatment-itraconazole/fluconazole or voriconazole) were given, one patient did not improve until antibiotic treatment (same as the drug administration for BK) was applied, and another did not improve until antibiotic treatment plus amniotic membrane transplantation was applied.
Comparison of different diagnostic tests for FK
Each corneal specimen from patients with high suspicion of FK during the first corneal debridement was subjected to culture, smear and direct PCR simultaneously, and some of them were also subjected to confocal microscopy. Table 2 summarizes all of the direct PCR tests and other non-molecular tests for . Twenty-seven cases were subjected to confocal microscopy, and fungal hyphae were detected in 20 cases in vivo (positive detection rate of 74.1%). The statistical difference in positive detection rates among these four kinds of fungal test was significant (v 2 = 24.661, p 0.000). The positive detection rate of direct PCR was significantly higher than that of culture (v 2 = 22.835, p 0.000) and smear (v 2 = 6.928, p 0.008), but not significantly higher than that of confocal microscopy (v 2 = 3.212, p 0.073). Whether or not clinical data, such as the delay in seeing a doctor and corneal ulcer size, were associated with a positive detection result was also considered ( Table 2 ). There was no obvious regular pattern in the positive detection rate for each test between samples with delay times of ≤10 days and >10 days, and the positive detection rate for each test between these two groups showed no statistical difference. There was also no obvious regular pattern in the positive detection rate for each test between samples with different ulcer sizes.
Repeatability of direct PCR and its role in clinical outcome
The corneal scrapings obtained during the second and even the third corneal debridements from the nine patients were also subjected to direct PCR ( Table 3 ). The first corneal debridement was usually performed on the first day of hospitalization. In the first direct PCR detection, eight samples showed specific fungal amplification, and one sample showed specific HSV-1 amplification. In the second direct PCR assay, specific HSV-1 DNA could still be detected after 10 days of antiviral drug administration, whereas fungal DNA could only be detected in seven samples after 4-10 days of antifungal drug administration, and there was no amplification in one sample after 6 days of antifungal treatment. Among the corneal scrapings from four patients who received the third corneal debridement after 12-14 days of antifungal treatment, only one sample had a positive 
Performance of the direct PCR for the diagnosis of infectious keratitis
The performance of culture and direct PCR with corneal scrapings from all patients except those with high suspicion of HSK during the first corneal debridement was analysed. If culture was considered as the reference method, the sensitivity and specificity of direct PCR were 95.8% (23/24) and 23.7% (9/ 38), respectively ( Table 4 ). Among the 62 scrapings, there were 32 concordant results (23 positive and nine negative) and 30 discordant results (29 direct PCR-positive but one culture-negative). The concordance rate between culture and direct PCR assay was 51.6% (32/62) for all samples. Among the 29 scrapings that generated positive results with direct PCR but negative results with culture, 27 were proved to be true positives by the detection results of smear or confocal microscopy and the improvement in eye conditions after administration of the corresponding antimicrobial drug. Two scrapings might have been false positives, because good outcomes were obtained without antifungal drug administration although the samples were positive for fungi by direct PCR. After discrepant analysis, a total of 51 true positives were obtained. The sensitivity, specificity, PPV and NPV of direct PCR were 98.0%, 81.8%, 96.2%, and 90.0%, respectively (Table 4 ). However, of the 51 true positives, only 24 showed positive results by culture. Therefore, the sensitivity, specificity, PPV and NPV of culture were 47.1%, 100%, 100%, and 28.9%, respectively. The sensitivity and NPV of direct PCR were significantly higher than those of culture (v 2 = 32.277, p 0.000 and v 2 = 12.141, p 0.000, respectively), but there was no significant difference in specificity or PPV between the two assays.
Discussion
This is the first study describing a direct PCR assay for the diagnosis of FK with corneal scrapings; its superiority lies in the fact that it can directly amplify DNA from clinical corneal scrapings for pathogen detection with a special DNA polymerase, obviating the need for DNA extraction. As is well known, the quantity of corneal scrapings from the corneal ulcer, especially from ulcers that are small in size, is very limited, and some of the template DNA will be lost during DNA extraction, even if a commercial kit is used. However, with direct PCR, the template of corneal scrapings would be used as effectively as possible. The detection limit of this assay could be up to ten copies, which is comparable with that of real-time PCR, whose detection sensitivity is always higher. Moreover, only approximately 3 h were required to perform the assay. Thus, direct PCR is a simple, rapid and sensitive laboratory diagnostic test for infectious keratitis, especially for cases caused by pathogens that cannot be identified on the basis of clinical features.
In direct PCR, the key factor is the special DNA polymerase, which can directly amplify animal blood or tissue; good PCR results can be obtained even when the template is complex or present in rather low quantities. In fact, we used the MightyAmp DNA Polymerase (TaKaRa) and Terra PCR Direct Polymerase (Clontech, Palo Alto, CA, USA) for direct PCR at first, and found that their amplification abilities were comparable; thus, we chose the former for the following assays because of its lower price. In the current study, we chose a touchdown PCR program for the amplification. With this program, four different specific bands could be obtained in one amplification, which ensured specificity at the first higher annealing temperature and higher efficiency at the subsequent lower annealing temperature. We also chose the common primers reported previously for amplifying fungi (ITS1 and ITS4) and bacteria (27F and 518R) [18, 21] . The primers for HSV-1 and Acanthamoeba were designed without cross-reactions with other microorganisms (Fig. S1 ). However, species information cannot be obtained by use of the common primers. If required, the PCR product can be sequenced, and the species can be confirmed by BLAST analysis. In fact, unlike for bacteria, whose antimicrobial susceptibilities often depend on different species, identification of fungi to the species level generally does not make a difference in the choice of antifungal agents [22, 23] . Thus, using direct PCR with fungal common primers for the rapid and sensitive diagnosis of FK has obvious potential value. Laboratory testing is very helpful for the correct diagnosis and effective treatment of FK and AK, the clinical appearance of which usually mimics that of BK [24] and HSK [25] , respectively. For FK, culture is still considered to be the reference standard for identification of pathogens; however, it is not clear whether patients treated on the basis of culture results have better outcomes than those treated empirically with broad-spectrum antibiotics [26] . Moreover, culture is relatively insensitive and time-consuming. In the present study, the positive detection rate of culture for FK (35.3%) was even lower than that described in our previous report (61.8%) [4] , which may be because the cases in the previous report were definitely diagnosed as FK, whereas the selected cases in this study were only primarily suspected as having FK at the initial visit. The positive detection rate of culture for all of the corneal scrapings subjected to culture was 38.7%, which is lower than that reported by Kim et al. [27] (56%). The reason may be that each clinical specimen was subjected to only two culture and PCR tests in that study, whereas in the current study each clinical specimen was subjected to three tests. Smear microscopy provides a direct and rapid presumptive diagnosis of FK. In this study, the positive detection rate of smear for FK was 64.7%, which is higher than that of culture. Confocal microscopy was also applied to some of the FK cases, with a positive detection rate of 74.1%, which is higher than those of both culture and smear. Although a higher positive detection rate can be obtained with smear and confocal microscopy, these two tests depend on experienced technicians. PCR, as a rapid and sensitive detection technique, has been widely applied for the diagnosis of infectious keratitis [13, 14, 27] , with the highest positive detection rates ranging from 80% to 90%. In the present study, a direct PCR assay was developed and applied to the scraping specimens from each debridement, and gave a total positive detection rate of 82.5% (66/80). The positive detection rate of direct PCR for all scrapings from patients with suspected FK was 84.8% (39/46), and, if the repeated samples after drug treatment were excluded, the rate increased to 91.2% (31/34), which is significantly higher than those of culture and smear (p <0.001), and is comparable with previously reported values. Among the 14 scrapings that showed negative results with direct PCR, four were from patients who had received corresponding treatment for 1 or 2 weeks; thus, the negative result was expected, and simply illustrated a good therapeutic effect. Nevertheless, there were two scrapings from patients with suspected FK that showed positive results when they were examined with smear, and one from a corneal ulcer that showed positive detection of bacteria with culture. These results might be attributable to the very low pathogen load in the ulcer. The remaining seven samples also yielded negative results in the other two types of test. It was probable that not all inflammation in these cases was caused by pathogens, because three cases had received keratoplasty (two cases) or eye evisceration (one case), which may lead to immunological rejection or other inflammatory reactions.
The direct PCR assay used in this study also showed good repeatability. Thirteen scrapings obtained from the repeated corneal debridement were also subjected to direct PCR, and the repeatability of the positive detection at the second debridement was 92.3% (12/13). Kuo et al. [18] reported that, with culture as the reference standard, the sensitivities of PCR-based techniques ranged from 70% to 100%, whereas the specificities varied from 17% to 94%, according to the results of several related studies. In our study, the sensitivity of direct PCR was 98.0%, and the specificity was 81.8%; both of these values are high as compared with the above data.
In the current study, we also utilized direct PCR for microbial detection in other clinical specimens, such as aqueous humour and vitreous humour from patients with endophthalmitis. Among seven samples, three were positive for fungi and one was positive for bacteria. These results were important for clinical therapy, and proved to be correct when combined with the therapeutic effects of the corresponding antimicrobial drugs. The other three negative results were also confirmed to be correct, because the patients were finally diagnosed with aseptic inflammation reactions after cataract surgery.
In conclusion, the direct PCR assay without template DNA extraction is a very useful technique for the laboratory diagnosis of FK, and can be applied to other infectious diseases. Beyond its high sensitivity and specificity, the direct PCR assay is also rapid, requiring only 3 h for the entire process. This quick and correct laboratory diagnosis is important for guiding timely and effective clinical drug administration.
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